Background {#Sec1}
==========

Cancer cells utilise glutamine to aid in the biosynthetic, bioenergetic and redox needs that are associated with proliferation \[[@CR1]--[@CR4]\]. Many Triple-receptor Negative Breast Cancer (TNBC) cell lines are particularly dependent on glutamine for growth and viability \[[@CR5], [@CR6]\]. These cells acquire glutamine and then convert it to glutamate in a reaction catalysed by mitochondrial glutaminase -- predominantly the *GAC* splice variant encoded by the *GLS* gene \[[@CR5], [@CR6]\]. The glutamate derived from glutamine has many uses, including glutathione synthesis or further metabolism to α-ketoglutarate (αKG) by glutamate dehydrogenase/aminotransferase-catalysed reactions \[[@CR1], [@CR4]\]. This αKG contributes to numerous biosynthetic and epigenetic processes or can act as an anaplerotic substrate to replenish tricarboxylic acid (TCA) cycle metabolites that have been exported from the mitochondria for the production of biomass \[[@CR3]\]. Once αKG enters the TCA cycle it can support TCA cycle flux either through oxidative decarboxylation or reductive carboxylation \[[@CR7]--[@CR11]\].

This dependence on glutamine anaplerosis renders TNBC cells at increased sensitivity to pharmacological glutaminase inhibition both in vitro and in vivo \[[@CR6], [@CR12], [@CR13]\]. Clinically, glutaminase inhibition is emerging as a promising therapeutic avenue for the management of advanced TNBC. CB-839 (Telaglenastat) is a potent, selective, orally bioavailable first-in-class glutaminase inhibitor that has demonstrated promise in the management of metastatic TNBC in Phase I/II studies \[[@CR14], [@CR15]\]. When combined with paclitaxel, CB-839 was well tolerated with evidence of antitumour activity in heavily pre-treated patients. Yet, although an objective response rate (ORR) of 22% was observed in the Phase I study (doses ≥600 mg BID, *n* = 27), the outcome of the Phase II study was less encouraging with ORR of 6% (800 mg BID, *n* = 16, "Third Line +" cohort) \[[@CR14], [@CR15]\]. A greater mechanistic understanding of the pharmacology of glutaminase inhibition, development of rational drug combinations and the identification and validation of biomarkers may assist in further clinical development of glutaminase inhibitors for TNBC treatment.

While preclinical and clinical studies have confirmed the sensitivity of TNBC to glutaminase inhibition, additional reports in a variety of cancer types have uncovered a set of intrinsic and extrinsic determinants that can impair cellular sensitivity to glutaminase inhibitors. Cells derived from mouse models of non-small cell lung cancer (NSCLC) were highly dependent on glutamine for TCA cycle anaplerosis and proliferation when grown in cell culture but utilised minimal glutamine when grown in vivo, relying instead on glucose metabolism to fuel the TCA cycle \[[@CR16]\]. This finding along with results from clinical in vivo and ex vivo isotope tracer studies suggest that the tumour microenvironment has a strong influence on cellular metabolic programmes and the potential to influence the efficacy of metabolism-targeted therapies \[[@CR17], [@CR18]\].

One possible contributor for the loss of glutamine dependence observed in vivo is the lower cystine concentration in tumours compared with cell culture medium. Growing cells in vitro in physiological concentrations of cystine (20--50 μM) suppressed the level of glutamine anaplerosis and subsequently desensitised cells to CB-839 \[[@CR19]\]. On the contrary, administering cystine to mice increased plasma cystine levels and promoted glutamine anaplerotic flux in subcutaneous tumour xenografts \[[@CR19]\]. An additional, intrinsic cellular characteristic is required for this effect; the expression of the glutamate/cystine antiporter (xCT) subunit *SLC7A11* promotes this cystine-dependent increase in glutamine utilisation resulting in glutamine dependence \[[@CR19]\]. Many oncogenic processes promote the elevated expression of *SLC7A11*, including *KEAP1* mutation and the subsequent NRF2 (*NFE2L2*)-driven antioxidant response \[[@CR20]\].

A number of other metabolites have been identified that can reduce glutamine dependence. For example, increasing the levels of exogenous glutamate can support cell proliferation in times of glutamine deprivation or glutaminase inhibition \[[@CR20]--[@CR23]\]. Likewise, addition of pyruvate or oxaloacetate could prevent apoptosis during acute glutamine deprivation but was unable to support cell proliferation \[[@CR24]\]. Addition of extracellular deoxynucleosides was also shown to render TNBC cells resistant to glutamine deprivation \[[@CR25]\]. Yet, whether these extrinsic factors contribute to the decrease in glutamine metabolism observed in many tumours compared with in vitro conditions and the potential impact on antitumour activity of glutaminase inhibitors is unknown.

In this study we investigated a key difference in culture medium composition that can influence the sensitivity of TNBC cell lines to pharmacological glutaminase inhibition. We show that extracellular pyruvate, at physiological concentrations of 20--100 μM, can significantly impair CB-839 potency in vitro by acting as an anaplerotic substrate. Normal blood pyruvate concentration is reported in the range of 30--150 μM \[[@CR26]--[@CR28]\]. Furthermore, we demonstrate that paracrine secretion of de novo produced pyruvate into the extracellular environment can act as a source of pyruvate and this process can be antagonised using a monocarboxylate transporter 1 (MCT1) inhibitor. Our work highlights the potential for both systemic- and paracrine tumour-derived pyruvate to limit the antitumour activity of glutaminase inhibitors and uncovers a possible rational combination that includes addition of MCT1 inhibitor to glutaminase inhibitor therapy.

Methods {#Sec2}
=======

Mammalian cell culture {#Sec3}
----------------------

Cell lines used in this study were sourced from American Type Culture Collection (Manassas, VA), with the exception of Hs578T (The European Collection of Authenticated Cell Cultures, Salisbury, UK), MDA-MB-231-luc-D3H2LN (Caliper Life Sciences, Hopkinton, MA, acquired January 2008) and SUM159PT (Asterand Bioscience, Detroit, MI, acquired January 2010). All cell lines were tested negative for mycoplasma contamination (PlasmoTest™ - Mycoplasma Detection kit, InvivoGen, San Diego, CA), but have not been STR authenticated since 2013. Cells were cultured in either RPMI 1640 (11,875,093, ThermoFisher Scientific, Auckland, New Zealand), αMEM (12,000,063, ThermoFisher Scientific) or DMEM (10,569,010, ThermoFisher Scientific) supplemented with 5% v/v foetal bovine serum (FBS; Moregate Biotech, Hamilton, New Zealand), as indicated. SUM159PT was routinely cultured in DMEM:F12 (1:1, ThermoFisher Scientific) + 5% FBS + 1 μg/mL hydrocortisone (Sigma-Aldrich, Auckland, New Zealand) + 5 μg/mL insulin (Sigma-Aldrich).

Chemicals {#Sec4}
---------

CB-839 (S7655, Selleck Chemicals, Houston, TX), Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulphide (BPTES) (19,284, Cayman Chemical, Ann Arbor, MI) and AZD3965 (S7339, Selleck Chemicals) were dissolved in DMSO to generate 10--25 mM stock solutions, aliquoted and stored at − 20 °C. Sterile 100 mM sodium pyruvate was acquired from ThermoFisher Scientific.

^3^H-thymidine incorporation assay {#Sec5}
----------------------------------

Proliferation was measured using a thymidine incorporation assay, as described previously \[[@CR29]\]. Briefly, cells were seeded (1--3 × 10^3^ per well) in 96-well plates in the presence of varying concentrations of inhibitor for 3 or 4 days, as indicated. ^3^H-thymidine (0.04 μCi per well for two dimensional (2D) monolayer culture or 0.08 μCi per well for three dimensional (3D) spheroid culture, see below) was added (6 h for 2D monolayer culture or 16 h for 3D spheroid culture) prior to harvest, cells were then harvested on glass fiber filters using an automated TomTec harvester. Filters were incubated with Betaplate Scint and thymidine incorporation measured in a Trilux/Betaplate counter. Effects of inhibitors on the incorporation of ^3^H-thymidine into DNA were determined relative to the control (non-drug-treated) samples.

Fumarate assay {#Sec6}
--------------

2.5 × 10^5^ MDA-MB-231 cells were seeded per well of 6-well plates (140,675, ThermoFisher Scientific) in 1 mL of RPMI 1640 + 5% FBS. An additional 1 mL of RPMI 1640 + 5% FBS was added containing either CB-839 to a final concentration of 1 μM or an equivalent volume of DMSO. 20 μL of 100 mM sodium pyruvate (or an equivalent volume of 18.2 MΩ·cm at 25 °C "Milli-Q" water) was added to achieve a final concentration of 1 mM. After 24 h incubation culture medium was aspirated and cell monolayers were washed twice in cold saline and then lysed on ice using 0.1 mL of Fumarate Assay Buffer (Fumarate Assay Kit ab102516, Abcam plc). Lysate was transferred into 1.5 mL microcentrfuge tubes and samples were then centrifuged for 10 min at 13,000×g at 4 °C to remove debris. The assay was conducted as detailed in the instruction booklet using 50 μL of the lysate supernatant. Sample absorbance at 450 nm was measured in an EnSpire Multimode Plate Reader (PerkinElmer) and fumarate amount (nmol) was interpolated from the standard curve. Lysate protein concentration was then quantified using bicinchoninic acid assay. The amount of fumarate (nmol) was then normalised to either initial number of cells seeded or protein (mg) to account for changes in cell number caused by drug treatment.

Pyruvate assay {#Sec7}
--------------

Hs578T (1.5 × 10^5^), MDA-MB-231-luc-D3H2LN (2.5 × 10^5^) or SUM159PT (2.5 × 10^5^) cells were seeded per well of 6-well plates in 1 mL of RPMI 1640 + 5% FBS. An additional 1 mL of RPMI 1640 + 5% FBS was added containing either AZD3965 to a final concentration of 1 μM or an equivalent volume of DMSO. After 48 h incubation, the conditioned culture medium was collected and centrifuged at 800×g to pellet floating cells and cell debris. Aliquots of the conditioned culture medium were diluted 1:3 in Pyruvate Assay Buffer (Pyruvate Assay Kit ab65342, Abcam plc) and pyruvate concentrations were quantified according to the instruction booklet. Briefly, fluorometric signal at excitation/emission 540/590 nm was measured in an EnSpire Multimode Plate Reader and pyruvate concentration was extrapolated from the standard curve.

Effect of secreted pyruvate on anti-proliferative effect of CB-839 {#Sec8}
------------------------------------------------------------------

The conditioned culture medium (or unconditioned RPMI 1640 + 5% FBS) described in the pyruvate assay method above was then supplemented with CB-839 to a final concentration of 0.01, 0.1, 1 or 10 μM. MDA-MB-231 cells were then grown in this conditioned culture medium and thymidine incorporation was assessed after 3 days growth.

3D spheroid cell culture {#Sec9}
------------------------

On day 0, 5 × 10^3^ cells/well were seeded into ultra-low attachment round bottom 96-well plates (7007, Corning, Kennebunk, ME) in ice-cold 50 μL RPMI 1640 + 5% FBS containing 2.5% (v/v) Geltrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix (A1413202, ThermoFisher Scientific). The plates were centrifuged at 800×g for 10 min and placed in the cell culture incubator to allow establishment of spheroids. On day 1, 50 μL of fresh RPMI 1640 + 5% FBS was added to the plates. On day 4, 100 μL of RPMI 1640 + 5% FBS containing CB-839 at 2× the desired final concentration was added to the spheroid plates. Images of the spheroids were captured using a 10× objective on a JuLI™ Stage Real-Time Cell History Recorder (NanoEnTek, Seoul, Korea) on day 4 and day 8. On day 7 ^3^H-thymidine was added to the cultures and thymidine incorporation was detected following a 16 h overnight incubation.

Statistical analysis and graphing {#Sec10}
---------------------------------

Statistical analysis and graphing was conducted using Prism (version 8.0.2, GraphPad Software, Inc.). Comparison of two groups was done by unpaired t test. Comparison of three or more groups was done by one-way or two-way analysis of variance (ANOVA) with Dunnett's or Tukey's post hoc test, respectively. Correlation analysis was done using Pearson r correlation coefficient. Values of *P* \< 0.05 were considered to be statistically significant. All statistical analyses presented represent data from independent studies (*n* ≥ 2, as indicated).

Results {#Sec11}
=======

Breast cancer cell lines display differences in sensitivity to pharmacological glutaminase inhibition depending on culture medium composition {#Sec12}
---------------------------------------------------------------------------------------------------------------------------------------------

MDA-MB-231 cells grown in αMEM + 5% FBS (hereafter αMEM) were treated with CB-839 and drug sensitivity was assessed 3 days later by IC~50~ analysis. The observed IC~50~ of 3.3 ± 0.71 μM (mean ± sem, *n* = 4) was \> 100-fold higher than the reported value of 26 nM \[[@CR6]\] (Fig. [1](#Fig1){ref-type="fig"}a), albeit using a different endpoint method (^3^H-thymidine incorporation versus Promega Cell Titer Glo assay). To understand this discrepancy we treated MDA-MB-231 cultures with CB-839 in RPMI 1640 + 5% FBS (hereafter RPMI 1640) as used by Gross et al., 2014 and this change in culture medium resulted in an IC~50~ of 19.3 ± 9.3 nM (*n* = 3), in strong agreement with the published value (Fig. [1](#Fig1){ref-type="fig"}a). MDA-MB-231 cultures were also grown and treated with CB-839 in DMEM + 5% FBS (hereafter DMEM) and in this case were also relatively insensitive to CB-839 with an IC~50~ of 5.5 ± 0.71 μM (*n* = 2) (Fig. [1](#Fig1){ref-type="fig"}a). These findings suggest that the culture medium composition significantly influences the potency of CB-839. Fig. 1Breast cancer cell lines display differences in sensitivity to pharmacological glutaminase inhibition depending on culture medium composition. **a** MDA-MB-231 cells were more sensitive to 3 days CB-839 exposure when assayed in RPMI 1640 + 5% FBS (RPMI 1640) compared with αMEM + 5% FBS (αMEM) or DMEM + 5% FBS (DMEM) (mean ± SEM, *n* = 2--4, one-way ANOVA). CB-839 (**b**) or BPTES (**c**) display more potent IC~50~ values when assayed in RPMI 1640 + 5% FBS compared with αMEM + 5% FBS in many breast cancer cell lines (mean ± SEM, n = 2--4, unpaired t test)

To explore this relationship further, a panel of 10 additional breast cancer cell lines were treated with CB-839 in either RPMI 1640 or αMEM (Fig. [1](#Fig1){ref-type="fig"}b). In general, the TNBC cell lines were more sensitive than the receptor-positive cell lines, with the exception of MCF7, in agreement with published reports \[[@CR6]\]. CB-839 IC~50~ values were lower in RPMI 1640 compared with αMEM culture medium in many cell lines tested, with statistically significant effects observed in four cases; BT549, MDA-MB-468, Hs578T and SKBR3, and a trend toward an effect in HCC1143 and MCF7. T47D and BT474 displayed no difference in CB-839 IC~50~ when cultured in either RPMI 1640 or αMEM.

BPTES, a related allosteric glutaminase inhibitor, was then investigated using the same 11 cell line panel (Fig. [1](#Fig1){ref-type="fig"}c). In agreement with the CB-839 observations, BPTES IC~50~ values were generally lower in RPMI 1640 compared with αMEM culture medium, with statistically significantly lower values observed in BT549, MDA-MB-468 and Hs578T.

Extracellular pyruvate concentrations influence CB-839 potency {#Sec13}
--------------------------------------------------------------

The import and metabolism of extracellular glutamine serves as a key TCA cycle anaplerotic substrate in proliferating cancer cells. Previous reports have highlighted the potential of oxaloacetate, pyruvate, glutamate or cell permeable α-KG (dimethyl α-KG) to act as alternative anaplerotic substrates that can rescue cell viability during glutamine deprivation and in some cases antagonise the activity of glutaminase inhibitors \[[@CR25]\]. We reviewed the composition of the RPMI 1640, αMEM and DMEM formulations used in our studies to identify different components that may be responsible for the difference in sensitivity observed (Supplementary Table S[1](#MOESM1){ref-type="media"}). Of the numerous different components, one of the key differences noted was sodium pyruvate. While αMEM and DMEM contain 1 mM sodium pyruvate, RPMI 1640 does not contain added pyruvate. We hypothesised that utilisation of extracellular pyruvate by TNBC cells may support mitochondrial anaplerosis, resulting in decreased dependence on glutamine and rendering cells less sensitive to glutaminase inhibition.

To test this hypothesis MDA-MB-231 cultures were treated with CB-839 in RPMI 1640 supplemented with increasing concentrations of sodium pyruvate (Fig. [2](#Fig2){ref-type="fig"}a). The introduction of sodium pyruvate resulted in a concentration-dependent increase in the CB-839 IC~50~ value from 20.7 ± 8.7 nM (*n* = 3) in the unsupplemented RPMI 1640 to 2.4 ± 0.2 μM (*n* = 5) in the culture medium supplemented with 1 mM sodium pyruvate (mean ± sem). All pyruvate concentrations above 31 μM resulted in statistically significant increases in CB-839 IC~50~ compared with unsupplemented RPMI 1640. Fig. 2Pyruvate impairs sensitivity to glutaminase inhibition by increasing TCA cycle anaplerosis. Increasing sodium pyruvate concentration in RPMI 1640 + 5% FBS increases CB-839 IC~50~ (mean ± SEM, *n* = 3--7, one-way ANOVA) in **a** MDA-MB-231, **b** BT549 or **c** Hs578T cells during a 3 day assay. 24 h treatment with CB-839 decreased fumarate level in MDA-MB-231 cells in RPMI 1640 + 5% FBS but not RPMI 1640 + 5% FBS supplemented with 1 mM sodium pyruvate. Fumarate level was normalised to either initial cell number seeded (**d**) or protein amount at endpoint (**e**) (mean ± SEM, n = 3--4, two-way ANOVA)

BT549 and Hs578T also demonstrated pyruvate concentration-dependent changes in glutaminase inhibitor sensitivity (Fig. [2](#Fig2){ref-type="fig"}b and c). In BT549 cultures CB-839 IC~50~ increased from 0.74 ± 0.37 μM (*n* = 7) in the unsupplemented culture medium to 4.5 ± 2.0 μM (*n* = 4) in the culture medium supplemented with 1 mM sodium pyruvate (mean ± sem). CB-839 IC~50~ was significantly increased at pyruvate concentrations ≥100 μM. In Hs578T cultures CB-839 IC~50~ increased from 1.2 ± 0.2 μM in the unsupplemented culture medium to 3.3 ± 0.4 μM in the culture medium supplemented with 1 mM sodium pyruvate (*n* = 4). In this cell line the CB-839 IC~50~ was significantly increased at pyruvate concentrations ≥500 μM.

In sensitive cells glutaminase inhibition using CB-839 was reported to decrease the concentration of many TCA cycle intermediates, including malate, citrate and fumarate \[[@CR6], [@CR23]\]. To determine whether exogenous pyruvate can restore TCA cycle intermediates during glutaminase inhibition we assessed steady-state fumarate levels, as a measure of TCA cycle anaplerosis. Cellular fumarate levels were significantly decreased following CB-839 treatment (Fig. [2](#Fig2){ref-type="fig"}d and e), in agreement with published findings \[[@CR6]\]. Addition of 1 mM sodium pyruvate to RPMI 1640 culture medium prevented this decrease, suggesting that exogenous pyruvate can act as a TCA cycle anaplerotic substrate in TNBC cells when glutamine metabolism is pharmacologically inhibited.

Further studies were conducted to determine whether these effects were dependent to pyruvate carboxylase (PC) activity (Supplementary Figure S[1](#MOESM3){ref-type="media"}). Treatment with phenylacetic acid (PAA) to inhibit PC was unable to sensitise MDA-MB-231, Hs578T and MCF7 cells to CB-839 in pyruvate-containing culture medium, with a small effect observed in BT549 cells. This finding suggests that in these cell line models replenishment of TCA cycle intermediates by pyruvate during conditions of glutaminase inhibition is largely dependent on the pyruvate dehydrogenase complex and not on PC activity.

The expression of 12 genes involved in pyruvate uptake, mitochondrial transport and metabolism was compared for the 11 breast cancer cell lines using data from the Cancer Cell Line Encyclopedia \[[@CR30]\]. The cell lines that did not respond to exogenous pyruvate (T47D and BT474) expressed low levels of MCT genes (Supplementary Table S[2](#MOESM2){ref-type="media"}). In contrast, the other cell lines that did respond to extracellular pyruvate expressed high levels of either *SLC16A1* (MCT1) or *SLC16A3* (MCT4). This suggests that MCT expression may be a key determinant that allows extracellular pyruvate to suppress CB-839 response.

Production and paracrine secretion of pyruvate by TNBC cells impairs CB-839 potency {#Sec14}
-----------------------------------------------------------------------------------

The pyruvate concentration in RPMI 1640 + 5% FBS culture medium was quantified at 2.8 ± 0.2 μM (mean ± sem, *n* = 3, Fig. [3](#Fig3){ref-type="fig"}a). As RPMI 1640 does not contain sodium pyruvate the pyruvate detected likely comes from the 5% (v/v) serum, in line with an approximate concentration of 50--70 μM in the undiluted FBS. We compared pyruvate secretion by three cell lines Hs578T, SUM159PT and a metastatic variant of MDA-MB-231 (MDA-MB-231-luc-D3H2LN). After 48 h culture the resulting pyruvate concentrations in the conditioned culture medium were 58.8 ± 4.8, 61.9 ± 3.1 and 83.9 ± 1.0 μM for Hs578T, MDA-MB-231-luc-D3H2LN and SUM159PT cells, respectively (Fig. [3](#Fig3){ref-type="fig"}a). When treated with the MCT1 inhibitor AZD3965 at 1 μM the concentration of pyruvate in the conditioned culture medium was decreased to 28.9 ± 2.9, 56.7 ± 4.1 and 62.1 ± 0.1 μM for Hs578T, MDA-MB-231-luc-D3H2LN and SUM159PT cells, respectively (Fig. [3](#Fig3){ref-type="fig"}a). Thus, pharmacological MCT1 inhibition can decrease the secretion of pyruvate by TNBC cells into the extracellular environment. Fig. 3Pyruvate secreted by TNBC cell lines reduces the potency of CB-839. **a** Pharmacological MCT1 inhibition using 1 μM AZD3965 reduced the secretion of pyruvate by Hs578T and SUM159PT (SUM159) but not MDA-MB-231-luc-D3H2LN (D3H2LN) cells. Pyruvate concentration in the conditioned or unconditioned RPMI 1640 + 5% FBS (RPMI) culture medium was quantified after 48 h incubation (mean ± SEM, *n* = 3, t test). **b** The pyruvate concentration in the conditioned culture medium from **a** correlates with resistance of recipient MDA-MB-231 cells to CB-839-treatment at 10 nM, 100 nM, 1 μM or 10 μM over 3 days exposure. For each of the TNBC cell lines studied the AZD3965-treated samples of conditioned culture medium demonstrated a decrease in relative thymidine incorporation in recipient MDA-MB-231 cells (mean ± SD, *n* = 2). **c** IC~50~ analysis also demonstrates a correlation between CB-839 sensitivity and pyruvate concentration in the conditioned culture medium from **a** (mean ± SD, *n* = 2). Correlations were computed by Pearson r correlation coefficient analysis

These samples of conditioned (or unconditioned) culture medium were then supplemented with various concentrations of CB-839 and used to culture drug-naïve MDA-MB-231 cells. The conditioned culture medium with the highest concentrations of pyruvate provided resistance to CB-839, in agreement with studies using sodium pyruvate supplementation (Fig. [3](#Fig3){ref-type="fig"}b and c). Indeed, strong linear correlations were observed between the relative % of ^3^H-thymidine incorporation and pyruvate concentration in the samples supplemented with CB-839 at all four concentrations, suggesting that higher levels of pyruvate impair CB-839 activity (Fig. [3](#Fig3){ref-type="fig"}b). Similarly, when CB-839 IC~50~ was calculated a strong linear correlation was observed between CB-839 IC~50~ and pyruvate concentration, also supporting the hypothesis that higher extracellular levels of pyruvate impair CB-839 activity (Fig. [3](#Fig3){ref-type="fig"}c). Notably, the AZD3965-treated samples from all three cell lines (Hs578T, MDA-MB-231-luc-D3H2LN and SUM159PT) provided lower CB-839 IC~50~ in recipient MDA-MB-231 cells, confirming that MCT1 inhibition can increase CB-839 sensitivity in this in vitro setting.

TNBC cells grown as 3D spheroids display reduced sensitivity to CB-839 compared with 2D cultures {#Sec15}
------------------------------------------------------------------------------------------------

To investigate the possibility of impaired CB-839 activity due to paracrine environmental effects we used an in vitro 3D spheroid culture model. Following 4 days establishment spheroid cultures were treated with 0.01, 0.1, 1 or 10 μM CB-839. MDA-MB-231 and SUM159PT formed regular slow-growing 3D structures (Fig. [4](#Fig4){ref-type="fig"}a and b). Hs578T formed regular spherical clusters that displayed minimal increase in size from day 4 to day 8 (Fig. [4](#Fig4){ref-type="fig"}c). Microscopic imaging demonstrated minimal effects of CB-839-treatment on spheroid growth/integrity, even after 4 days exposure to 10 μM of drug. However, when cell proliferation in these cultures was assessed using ^3^H-thymidine incorporation (16 h overnight incubation from day 7 to day 8), CB-839 caused a clear concentration-dependent decrease in cell proliferation in all three cell lines (Fig. [4](#Fig4){ref-type="fig"}d-f). In MDA-MB-231 spheroids the CB-839 concentration needed to halve the relative amount of thymidine incorporation (i.e. IC~50~) was 0.88 ± 0.26 μM. This change represents a loss in sensitivity of \> 100-fold compared with the 2D monolayer IC~50~ of 8.4 ± 0.17 nM (*n* = 4, *P* = 0.015, t test). This 2D IC~50~ for a 4 day CB-839 exposure was slightly lower than the 19.3 and 20.7 nM IC~50~ values previously observed with 3 day drug exposure (Fig. [1](#Fig1){ref-type="fig"}a and [2](#Fig2){ref-type="fig"}a). Fig. 4Activity of CB-839 in 3D spheroid versus 2D monolayer cell cultures. Images of MDA-MB-231 (**a**), SUM159PT (**b**) and Hs578T (**c**) 3D spheroid cell cultures captured on day 4 and 8 (scale bar = 0.5 mm). Thymidine incorporation in MDA-MB-231 (**d**), SUM159PT (**e**) and Hs578T (**f**) 3D spheroid cultures and 2D monolayer cultures following 4 days treatment with CB-839 (mean ± SEM, *n* = 4--6)

A 32-fold loss of CB-839 activity was observed in SUM159PT cells when they were grown as 3D spheroids. The IC~50~ of CB-839 was 5.0 ± 0.96 μM for 3D cultures compared with 0.15 ± 0.041 μM for 2D monolayers (*n* = 4, *P* = 0.003). Similarly, a 14-fold loss of CB-839 activity was observed in Hs578T with 3D IC~50~ of 6.6 ± 2.0 μM compared with 2D IC~50~ 0.45 ± 0.022 μM (*n* = 4, *P* = 0.019). Again, the 4 day drug exposure produced a modestly lower IC~50~ than the 3 day IC~50~ of 1.0 and 1.2 μM observed previously (Figs. [1](#Fig1){ref-type="fig"}b and [2](#Fig2){ref-type="fig"}c). Thus, in the three TNBC cell lines studied CB-839 sensitivity was significantly impaired when cells were grown as 3D spheroids.

The plasma AUC (0--8 h) in patients treated with CB-839 in a 600 mg BID (fed) schedule was approximately 11 μM\*h with C~max~ of 2.3 μM and C~min~ of 0.65 μM \[[@CR31]\]. Thus, continuous treatment of the spheroids with CB-839 at 1 μM represents an approximate exposure which may be achievable in patient tumours. At this concentration there was a substantial decrease in CB-839 sensitivity in all of the spheroid models tested compared with regular 2D cell culture conditions.

Discussion {#Sec16}
==========

Human studies using isotope-labelled glucose or glutamine are providing a clearer understanding of the metabolic processes, and heterogeneity therein, that occur in tumours. Whilst lung and brain cancers appear to fuel the TCA cycle *via* pyruvate dehydrogenase complex-dependent glucose metabolism, the results from studies in clear cell renal cell carcinoma (ccRCC) display supressed glucose oxidation in the TCA cycle, more reflective of the classic "Warburg Effect" observed in most in vitro studies \[[@CR17], [@CR32]\]. In agreement, ^1-13^C-glutamine studies in VHL-deficient ccRCC tumour xenografts confirm that glutamine is a significant anaplerotic nutrient \[[@CR33]\]. Other in vitro isotope-labelled tracer findings highlight the requirement for glutamine anaplerosis in conditions of glucose deprivation, a common occurrence in the microenvironment of solid tumours \[[@CR7]\]. Notably, isotope-labelled tracer studies have not yet been reported for human TNBC. However, untargeted mass spectrometry-based profiling suggests that glutamine utilisation (glutamate/glutamine ratio) is increased in oestrogen receptor (ER)-negative tumours, at least when compared with ER-positive tumours \[[@CR15], [@CR34]\]. Further studies are needed to determine the extent, heterogeneity and products of glutamine metabolism in human TNBC.

The anaplerotic role of glutamine can be bypassed to allow cell survival in glutamine-deprived conditions by utilisation of alternative sources of αKG to replenish levels of TCA cycle intermediates, for example, exogenously acquired glutamate. This process suggests the potential for a common mechanism of resistance to pharmacological glutaminase inhibition; replenishment of TCA cycle intermediates using alternative anaplerotic substrates. Mechanistically this effect may decrease the bioenergetic stress following glutaminase inhibition and allow more of the decreased available pool of glutamate to be utilised for glutathione biosynthesis (and cystine import) and thus provide greater tolerance to oxidative stress \[[@CR35]\].

In preclinical tumour models of pancreatic ductal adenocarcinoma glutaminase inhibition effectively targeted proliferating tumour cells, but was ineffective against the hypoxic subpopulation of cells \[[@CR22]\]. The residual tumours following treatment with glutaminase inhibitor displayed metabolic changes including increased glycolysis and glycogenesis, suggestive of adaptive metabolic reprogramming that compromises therapy efficacy. Thus, diverse mechanisms of resistance are emerging as possible means for cancer cells to escape the effects of glutaminase inhibition. Which of these mechanisms occur and are relevant in the response of human tumours to glutaminase inhibition is yet to be definitively established.

Enhanced glutaminolysis is a common feature of many TNBC cell lines that supports cell growth both in vitro and in vivo \[[@CR36]\]. Glutamine serves many of the biosynthetic, bioenergetic, epigenetic and redox needs of these cells (Fig. [5](#Fig5){ref-type="fig"}a). In this study we demonstrate that the sensitivity of TNBC cell lines to glutaminase inhibition is decreased in culture medium containing pyruvate supplementation. This exogenously added pyruvate was able to rescue levels of the TCA cycle intermediate fumarate in CB-839-treated conditions (Fig. [5](#Fig5){ref-type="fig"}b). Furthermore, we examined the levels of endogenously produced pyruvate secreted by TNBC cell lines in culture and show that paracrine supply of pyruvate can significantly reduce the sensitivity of recipient cells to glutaminase inhibition. Of note, our IC~50~ studies are conducted at low cell density (1--3 × 10^3^ cells/well of a 96-well plate in 0.12 mL of culture medium), whereas the pyruvate secretion studies were done at approximately 7.5-fold higher cell:culture medium ratio (1.5--2.5 × 10^5^ cells/well of a 6-well plate in 2 mL of culture medium). Thus, at low cell density/high culture medium volume there will be minimal opportunity for an autocrine/paracrine effect of pyruvate to impair glutaminase inhibitor activity. This insight highlights the importance of using higher cell density 2D and 3D assays in future studies of metabolism-targeted drugs. More broadly, it also argues for the development and detailed characterisation of new cell culture technologies that closely recapitulate the in vivo tumour microenvironment. Fig. 5**a** Schematic highlighting metabolic preferences employed by many TNBC cells (glutamine metabolism and related processes in red arrows, glucose metabolism and related processes in green arrows). **b** Schematic demonstrating suppression of glutamine metabolism following glutaminase inhibition by CB-839. Extracellular pyruvate either from systemic circulation or paracrine supply can be transported into these cells to replenish TCA cycle intermediates and decrease the activity of glutaminase inhibitor. Abbreviations: GLS = glutaminase, GLUT = glucose transporter, GSH = reduced glutathione, MCT1 = monocarboxylate transporter 1, SLC1A5 = glutamine transporter, xCT = glutamate/cystine antiporter. Image created using Microsoft® PowerPoint® 2016 (version 16.0.4266.1001)

Whist the focus of this study is on pyruvate, it is also possible that lactate might also act in a similar manner. Lactate concentrations are elevated in many cancer types, including breast \[[@CR37]\]. Incorporation of ^13^C-lactate into TCA cycle intermediates is extensive, suggesting a major role for lactate as an oxidative fuel \[[@CR38]\]. Considering the similarities in pyruvate and lactate transport (by the same MCT transporters) and potential for interconversion catalysed by lactate dehydrogenase (LDH) enzymes, future studies should consider the possible role of lactate in CB-839 responsiveness.

TNBC cells are known to produce and secrete glutamate \[[@CR39]\]. This extracellular glutamate (at moderate concentrations) may play an anaplerotic role during conditions of glutamine deprivation. However, glutamate secretion is required for cystine uptake *via* the xCT antiporter system and excess accumulation in the extracellular compartment can impair xCT function and limit cystine uptake -- a process that is required to support glutaminolysis \[[@CR19], [@CR39]\]. Thus, excessive extracellular glutamate levels may also act in the acquisition of glutamine independence in these models.

To our knowledge this is the first reported usage of 3D spheroid cell culture models as a tool to study the pharmacology of glutaminase inhibitors. Our findings demonstrate that the potency of glutaminase inhibition is impaired in 3D spheroid models compared with the 2D monolayer cultures commonly used for evaluating drug activity. There are a number of potential reasons for this change. The proportion of proliferating cells in 3D models is lower than in 2D cultures resulting in greater cellular heterogeneity within the culture \[[@CR40], [@CR41]\]. The altered nutrient composition, oxygen deprivation and cellular responses including activity of growth signalling cascades and amino acid/hypoxic stress responses may influence glutamine preference. Unequal drug penetration and distribution of CB-839 throughout the spheroid may also impair efficacy compared with 2D cultures.

Multicellular spheroids represent useful models of many of the microenvironmental characteristics that occur in tumours. Advanced mathematical modelling of these systems can provide key insights into cell proliferation/death, oxygen and nutrient gradients, development of necrosis, and how these compartments interact and change spatially and temporally with spheroid growth and in response to treatment \[[@CR42]\]. It has been reported that the anchorage-independent growth conditions of spheroid culture alter glutamine metabolism, favouring reductive carboxylation of glutamine to citrate to support redox homeostasis \[[@CR43]\]. Glucose metabolism was also altered in 3D compared with 2D cultures, with lower abundance of glucose-derived citrate suggestive of decreased pyruvate dehydrogenase activity \[[@CR43]\]. Whether these effects occur in TNBC spheroid models is yet to be determined.

Another key advantage of 3D spheroids is their relative ease of use. They can be established rapidly (within a few days), grown in 96-well format to enable high-throughput studies, manipulated using conventional multichannel dispensing methods, imaged regularly to monitor growth and treatment effects and can be histologically processed at the study endpoint for more detailed microscopic analysis. Whilst 3D cell culture systems, including cell line-derived spheroids and ex vivo patient-derived organoids, are better models of solid tumour pathophysiology, there is still much work needed to characterise their metabolic alterations (using metabolomic techniques) and define appropriate culture medium compositions to model in vivo conditions. Nonetheless, cell line-derived spheroids, in their current form, represent a useful and cost-effective tool for studying inhibitors of cellular metabolism and testing how they can be combined with other therapies prior to investigations using preclinical tumour models and human subjects.

Conclusion {#Sec17}
==========

Cancer cells grown in vitro display different levels of sensitivity to glutaminase inhibition depending on culture medium composition. A single metabolite, pyruvate, was particularly effective in suppressing the potency of glutaminase inhibitor by contributing to TCA cycle anaplerosis. We build upon this mechanistic observation by showing that TNBC cells themselves readily secrete pyruvate into the extracellular environment. This endogenously-derived pyruvate acted in a paracrine manner to decrease the sensitivity of drug-naïve recipient cells to subsequent treatment with CB-839. Blocking this pyruvate secretion, using an MCT1 inhibitor, prevented this process and improved CB-839 activity in the recipient cells. CB-839 potency was also significantly compromised in 3D spheroid compared with 2D monolayer culture models. These new discoveries highlight the potential influence that circulating and tumour-derived pyruvate and other microenvironmental features can have on glutaminase inhibitor efficacy. Future clinical studies to clearly define the metabolomic landscapes of human tumours will help to define which cancer types and tumour features are predictive of response to these agents.
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**Additional file 1: Supplementary Table S1.** Comparison of RPMI 1640, αMEM and DMEM culture medium formulation. **Additional file 2:Supplementary Table S2.** mRNA expression data (RNAseq; RMA, log~2~) was downloaded from the Cancer Cell Line Encyclopedia for genes involved in pyruvate uptake (*SLC16A1*, *SLC16A7*, *SLC16A3*, *SLC16A8*, *SLC16A4*), mitochondrial transport (*MPC1*, *MPC2*) and metabolism (*PC*, *PDHA1*, *DLAT*, *PDHX*, *LDHA*) for the 11 breast cancer cell lines used in our study. Cell lines that display increased CB-839 IC~50~ in the presence of pyruvate and associated *P*-value are also presented. **Additional file 3: Supplementary Figure S1.** Inhibition of Pyruvate Carboxylase using Phenylacetic acid (PAA) does not increase sensitivity to CB-839 in three of four breast cancer cell lines. Cultures were exposed to a titration of CB-839 concentrations in pyruvate-containing αMEM + 5% FBS with or without 5 mM PAA (Sigma-Aldrich). ^3^H-thymidine incorporation was assayed on day 3 and % signal plotted relative to CB-839-untreated samples. MDA-MB-231 (**A**), MCF7 (**B**) and Hs578T (**C**) did not display any increase in CB-839 sensitivity in the presence of PAA (+PAA). In contrast, BT549 (**D**) did demonstrate a slight decrease in the CB-839 IC~50~ in the presence of PAA (mean ± SD, *n* = 4, unpaired t test).
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